A tripod ligand tris(N-methylbenzimidazol-2-ylmethyl)amine (Mentb) and its nickel(II) picrate (pic) complex, with composition [Ni(Mentb)(DMF)(H 2 O)](pic) 2 , have been synthesized and characterized on the basis of elemental analyses, molar conductivities, IR spectra, and UV/Vis measurements. Single-crystal X-ray diffraction revealed that the Ni atom is six-coordinated in a distorted octahedral geometry. In addition, the DNA-binding properties of the ligand Mentb and its Ni(II) complex have been investigated by electronic absorption, fluorescence and viscosity measurements. The experimental results suggest that the ligand and its Ni(II) complex bind to DNA via an intercalation binding mode, and their binding affinity to DNA follows the order of complex > ligand.
Introduction
The interaction of DNA with transition metal complexes has gained considerable current interest due to its various applications in cancer research and nucleic acid chemistry [1, 2] . Studies on the interaction of transition metal complexes with DNA continue to attract the attention of researchers due to their importance in design and development of synthetic restriction enzymes, chemotherapeutic drugs and DNA foot printing agents [3 -9] . Since the characterization of urease as a nickel enzyme in 1975, the knowledge of the role of nickel in bioinorganic chemistry has been rapidly expanding [10] . The interaction of Ni(II) complexes with DNA appears to be mainly dependent on the structure of the ligand exhibiting intercalative behavior [11 -13] .
Fused imidazole derivatives have occupied a prominent place in medicinal chemistry because of their significant properties as clinical therapeutics [14 -17] . Thus, benzimidazole is used in the pharmaceutical industry, and substituted benzimidazole derivatives have also found diverse therapeutic applications [18 -23] .
In this context, we synthesized and characterized a novel Ni(II) complex. Moreover, we describe the interaction of the novel Ni(II) complex with DNA using electronic absorption and fluorescence spectroscopy and viscosity measurements.
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Experimental Section

Instrumentation
The C, H and N elemental analyses were carried out using a Carlo Erba 1106 elemental analyzer. Electrolytic conductance measurements were made with a DDS-11A-type conductivity bridge using a 10 −3 mol L −1 solution in DMF at room temperature. The IR spectra were recorded in the 4000 -400 cm −1 region with a Nicolet FT-Vertex 70 spectrometer using KBr pellets. Electronic spectra were taken on a Lab-Tech UV Bluestar spectrophotometer. The fluorescence spectra were recorded on a 970-CRT spectrofluorophotometer.
Materials and methods
Calf thymus DNA (CT-DNA) and ethidium bromide (EB) were purchased from Sigma Chemicals Co. (USA). All chemicals used were of analytical grade. All the experiments involving interaction of the ligand and the complexes with CT-DNA were carried out in doubly distilled water buffer containing 5 mM Tris and 50 mM NaCl and adjusted to pH = 7.2 with hydrochloric acid. A solution of CT-DNA gave a ratio of UV absorbance at 260 and 280 nm of about 1.8 -1.9, indicating that the CT-DNA was sufficiently free of protein [24] . The CT-DNA concentration per nucleotide was determined spectrophotometrically by employing an extinction coefficient of 6600 M −1 · cm −1 at 260 nm [25] .
Absorption titration experiments were performed with fixed concentrations of the compounds, while gradually in-creasing the concentration of DNA. While measuring the absorption spectra, a proper amount of DNA was added to both the compound solution and the reference solution to eliminate the absorbance of DNA itself. From the absorption titration data, the binding constant was determined using the equation [26] [ Ethidium bromide emits intense fluoresence light in the presence of DNA, due to its strong intercalation between the adjacent DNA base pairs. It has previously been reported that the enhanced fluorescence can be quenched by the addition of a second component [27, 28] . The quenching extent of fluorescence of EB bound to DNA is used to determine the extent of binding between the second component and DNA. The experiments of DNA competitive binding with EB were carried out in the buffer by keeping [DNA]/[EB] = 1 and varying the concentrations of the ligand and of the Ni(II) complex. The fluorescence spectra of EB were measured using the excitation wavelength of 520 nm the emission range being set between 550 and 750 nm. The spectra were analyzed according to the classical SternVolmer equation [28, 29] 
where I 0 and I are the fluorescence intensities at 599 nm in the absence and presence of the quencher, respectively, K sv is the linear Stern-Volmer quenching constant, and [Q] is the concentration of the Ni(II) complex ([CT-DNA] = 2.
Viscosity experiments were conducted on an Ubbelodhe viscosimeter, immersed in a thermostated water bath maintained at 25 ± 0.1 • C. Titrations were performed for the compounds (3 mM), and each compound was introduced into the CT-DNA solution (50 µ M) present in the viscometer. Data were presented as (η/η 0 ) 1/3 vs. the ratio of the concentration of the compound to CT-DNA, where η is the viscosity of CT-DNA in the presence of the compound, and η 0 is the viscosity of CT-DNA alone. Viscosity values were calculated from the observed flow time of the CT-DNA containing solution corrected for the flow time of buffer alone (t 0 ) with the equation η = (t − t 0 )/t 0 [30] .
Preparation of the ligand Mentb
This compound was synthesized according to literature methods [31] . Yield: 4.6 g (51 %); m. p.: 215 -217 • C (m. p.: 
Preparation of the complex [Ni(Mentb)(DMF)(H 2 O)](pic) 2
To a stirred solution of Mentb (0.0899 g, 0.2 mmol) in hot MeOH (10 mL) was added Ni(pic) 2 
X-Ray crystallography
A suitable single crystal was mounted on a glass fiber, and the intensity data were collected on a Rigaku R-axis Spi-
79.47 (12) der (Japan) diffractometer with graphite-monochromatized MoK α radiation (λ = 0.71073Å) at 153(2) K. Data reduction and cell refinement were performed using RAPID AUTO programs [32] . The absorption correction was carried out by empirical methods. The structure was solved by Direct Methods and refined by full-matrix least-squares against F 2 using SHELXTL software [33] . All H atoms were found in difference electron maps and were subsequently refined in a riding model approximation with C-H distances ranging from 0.95 to 0.99Å and U iso (H) = 1.2 or 1.5 U eq (C). The crystal data and experimental parameters relevant to the structure determination are listed in Table 1 . CCDC 721282 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Results and Discussion
The complex is soluble in DMF and DMSO but insoluble in water and organic solvents, such as methanol, ethanol, petroleum ether, trichloromethane, etc. The results of the elemental analyses show that the composition is [Ni(Mentb)(DMF)(H 2 O)](pic) 2 . A comparsion of molar conductance values for 1 : 2 electrolytes previously reported in the literature [34] shows agreement for the solution of the complex in DMF.
The molecular structure of the Ni(II) complex is shown in Fig. 1 , selected key bond lengths and angles are shown in The bond length between the nickel ion and the apical nitrogen atom Ni-N(7) is 2.181(3)Å, which is about 0.127Å longer than the bond lengths between the nickel ion and the basal nitrogen atoms (2.035(3) -2.070(3)Å, average = 2.052(3)Å). The average bond angle (NA-Ni-NB) of the axial nitrogen atoms (NA = N7), the nickel ion, and the basal nitrogen atoms (NB = N1, N3, N5) is 80.83 • , and the nickel ion is 0.359Å above the basal plane N1-N3-N5. The DMF is accommodated at the open axial site without any significant change in the pseudo-octahedral geometry of the complex (average NB-Ni-NB = 114.03 • ). In the dichloro complex Mn II (ntb)Cl 2 , a sixth ligand, the chloride anion, opens one site of the trigonal basal plane to form a square basal plane (NB-Mn-NB = 143.1 • ) [35] . When a sixth ligand is coordinated to the metal complex of a tripodal tetradentate ligand, the geometry of the three benzimidazole nitrogen atoms may be retained while the complex changes its geometry from trigonal bipyramidal to partial trigonal pyramidal; alternatively, the geometry of the three benzimidazole nitrogen atoms may change from trigonal basal to square basal to accommodate the new ligand with the complex changing its geometry from trigonal bipyramidal to octahedral.
IR and UV spectra
In the free ligand Mentb, a strong band is found at ca. 1475 cm −1 together with a weak band at 1516 cm −1 . By analogy with the assigned bands of imidazole, the former can be attributed to ν(C=N-C=C), while the latter can be attributed to ν(C=N) [31, 36, 37] . The bands are shifted by around 20 cm −1 in the complex, which implies direct coordination of the metal ion to all four imine nitrogen atoms, which are the preferred atoms for coordination as found for other metal complexes with benzimidazoles [38] . Information regarding the possible bonding modes of the picrate and benzimidazole rings may also be obtained from the bands at 708, 1165, 1327, and 1633 cm −1 . The results agree with those determined by X-ray diffraction.
DMF solutions of the free ligand Mentb and its complex show, as expected, identical UV spectra (Table 3). The UV bands of Mentb (287, 279 nm) are only marginally blue-shifted (3 -4 nm) in the complex, which is clear evidence of C=N coordination to the metal ion center. The absorption bands are assigned to π → π * (imidazole) transitions. The bands of the picrate anions at 372 and 388 nm are assigned to n → π * and π → π * transitions [39] . The nickel complex exhibits two absorptions instead of three in the visible spectra because the 3 A 2g → 3 T 2g transition probably appears in the near-IR region, which was not detected [40] . This spectral pattern is typical of six-coordinate, distorted octahedral nickel(II), as confirmed by the result of the structure analysis.
DNA binding properties Electronic absorption titration
Electronic absorption spectroscopy is universally employed to determine the binding characteristics of metal complexes with DNA [41 -43] . The absorption spectra of the ligand Mentb, of the Ni(II) complex Table 3 . UV/Vis spectral data for the ligand and its complex. and of Ni(pic) 2 in the absence and presence of CT-DNA are given in Figs. 2a, b , and e, respectively. As for the ligand Mentb with two well-resolved bands at 259 and 274 nm (Fig. 2a) , in Fig. 2b there are also two well-resolved bands at about 274, 281 nm for the complex. With increasing DNA concentrations, the hypochromisms are 2.1 % at 274 nm for the ligand Mentb, and 39.5 % at 274 nm for the Ni(II) complex. The λ for the ligand increases only from 259 to 260, and for the complex from 281 to 282 nm, a slight red shift of about 1 nm under identical experimental conditions. The hypochromism and the slight red shift suggest that the ligand Mentb and the Ni(II) complex interact with DNA [44] . As shown in 
Competitive binding with EB
For measuring the ability of a complex to affect the EB fluorescence intensity in the EB-DNA adduct, the fluorescence quenching method can be used to determine the affinity of the complex for DNA, whatever the binding mode may be. If a complex can remove EB from EB-loaded DNA, the fluorescence of the solution will be quenched due to the fact that free EB molecules are readily quenched by the surrounding water molecules [46] . The addition of the ligand Mentb does not provoke any significant changes of the intensity or the position of the emission band at 599 nm of the DNA-EB system indicating that the ligand Mentb cannot replace EB from the DNA-EB complex. The fluorescence quenching of EB bound to CT-DNA by the Ni(II) complex is shown in Fig. 3 . The quenching plots illustrate that the quenching of EB bound to DNA by the complex is in good agreement with the linear Stern-Volmer equation, which also proves that the complex binds to DNA. The K sv value for the Ni(II) complex is 4.18 × 10 3 M −1 . The data suggest that the Ni(II) complex interacts with DNA.
Viscosity studies
Optical photophysical probes generally provide necessary, but not sufficient clues to support a binding model. Measurements of DNA viscosity that is sensitive to DNA length are regarded as the least ambiguous and the most critical tests of binding in solution in the absence of crystallographic structural data [47, 48] . Intercalating agents are expected to elongate the double helix to accommodate the ligands in between the bases leading to an increase in the viscosity of DNA. In contrast, complexes that bind exclusively in the DNA grooves by partial and/or non-classical intercalation, under the same conditions, typically cause less pronounced (positive or negative) or no change in DNA solution viscosity [49] . The values of (η/η 0 ) 1/3 were (Fig. 4) . Upon addition of the ligand, the Ni(II) complex and Ni(pic) 2 the viscosity of rod-like CT-DNA increased significantly, which suggests that the ligand Mentb, the Ni(II) complex and Ni(pic) 2 can bind to DNA by intercalation [50] .
Conclusions
A new Ni(II) complex [Ni(Mentb)(DMF)H 2 O]-(pic) 2 has been synthesized and characterized. More-over, the DNA-binding properties of the ligand Mentb, the new Ni(II) complex and Ni(pic) 2 were investigated by electronic absorption, fluorescence, and viscosity measurements. The experimental results indicate that ligand Mentb, Ni(II) complex and Ni(pic) 2 can bind to CT-DNA in an intercalation mode. Their affinity to DNA follows the order Ni(II) complex > ligand. The binding affinity of picrate anions is much weaker than that of the Ni(II) complex and the ligand. Information obtained from our study will be helpful to understand the mechanism of interactions of benzimidazoles and their complexes with nucleic acids and should be useful in the development of potential probes of DNA structure and conformation.
